Background. Antimicrobial stewardship (AS) programs promote the optimal use of antimicrobials and safe patient care. With most antimicrobials prescribed in the ambulatory setting, establishing benchmark data is imperative to gauge the impact of future AS initiatives. Objectives. To determine the frequency of potentially inappropriate antimicrobial prescribing in primary care practices in Manitoba, Canada and to assess the association between potentially inappropriate antimicrobial prescribing and patient, prescriber and practice-related factors. Methods. A retrospective cohort study using the Manitoba Primary Care Research Network repository of de-identified Electronic Medical Records from consenting primary care practices. Descriptive statistics and logistic regressions detailed patients with bacterial or viral infections of interest and antimicrobial prescriptions. Results. Eighteen percent (n = 35 574) of primary care visits for common infections were associated with a potentially inappropriate antimicrobial prescription. Among antimicrobials prescribed to patients diagnosed with bacterial infections, 37.8% (n = 2168) had a potentially inappropriate antimicrobial prescribed and 19.6% (n = 1126) had an antimicrobial prescribed for a duration outside of guideline-based ranges. Female patients, younger age and less office visits were associated with potentially inappropriate antimicrobial prescribing for bacterial infections. Among physician visits for viral infection, 15.9% (n = 29 833) were associated with an antimicrobial prescription. Older patients, those with more comorbidity, more office visits and those who were seen in larger or rural practices, were associated with potentially inappropriate antimicrobial prescribing for viral infections. Conclusions. High frequency of potentially inappropriate antimicrobial prescribing, especially in certain patient populations, suggests the need for coordinated community-based AS programs to optimize prescribing and improve patient care.
Background
The emergence and spread of antimicrobial-resistant organisms highlights the need to preserve the efficacy of antimicrobials (1, 2) . Antimicrobial stewardship (AS) programs combine policies, education, surveillance and practice audit to optimize antimicrobial prescribing enhancing clinical outcomes, reducing sequelae and ensuring cost-effective therapy (1, 2) . AS programs reduced treatment duration, the incidences of Clostridium difficile colitis, antimicrobial-related adverse events, hospitalization duration and antimicrobial resistance (2, 3) . Development of effective AS strategies in primary care requires benchmarks for intervention evaluation.
Most antimicrobial prescribing occurs in the ambulatory and outpatient settings. Antimicrobial prescribing occurs among 10% of adult and 20% of paediatric ambulatory visits, and anywhere from 25 to 68% of prescriptions are potentially inappropriate (not indicated, suboptimal antimicrobial spectrum) (3, 4) . It is crucial to understand rates of potentially inappropriate antimicrobial prescribing in community practices to develop and tailor suitable AS interventions. This study had two specific objectives aimed at informing community-based AS policies. The primary objective was to determine the frequency of potentially inappropriate antimicrobial prescribing (not indicated, suboptimal) in primary care practices in Manitoba, Canada. The secondary objective was to determine patient, prescriber and practice-related factors associated with potentially inappropriate (not indicated, suboptimal) antimicrobial prescribing.
Methods
This retrospective cohort study was conducted using the Manitoba Primary Care Research Network (MaPCReN) repository that collects and processes de-identified Electronic Medical Record (EMR) from consenting community-based primary care practices. At the time of the study, the MaPCReN contained administrative claims information extracted from 32 primary care clinics, 185 providers and 196 923 patients in Manitoba. All prescriptions generated in the EMR are captured by MaPCReN. In the medical office, prescriptions are printed or faxed to the patient's pharmacy.
Inclusion/exclusion criteria
The Anatomical Therapeutic Chemical Classification System (ATC) divides drugs into different groups based on the organ and system in which they act, and their chemical, pharmacological and therapeutic properties (5) . For the present study, prescription data were extracted from April 1999 to January 2016 for all antimicrobials starting with ATC code J01, 'Antibacterial for Systemic Use', in patients older than 1 year. All visits to a medical provider in Manitoba must include a tariff code and a single International Classification of Disease (ICD-9) in order for payment. In this study, diagnoses were matched to antimicrobial prescriptions within 7 days of the appointment (prior to, or after). If there were two visits within 7 days of the prescription, the one nearest to the antimicrobial prescription was considered. Prescription information was only included if it specified the antimicrobial prescribed and prescription duration. This method of identifying diagnosis and prescription data from administrative claims data has been validated within Manitoba, Canada and international studies (6) (7) (8) .
Diagnoses were separated into two groups: 'Group 1' consisted of bacterial infections (i.e. urinary tract infection (UTI), pharyngitis, skin/soft tissue infection, cellulitis and pneumonia), for which an antimicrobial prescription was likely indicated. Prescriptions between 30 June 2013 and 30 June 2015, linked to a Group 1 diagnosis, were deemed potentially inappropriate if they fell outside of the following evidence-informed guidelines: Infectious Diseases Society of America, Canadian Pediatric Society and American Academy of Pediatrics' guideline-based standards (9) (10) (11) (12) (13) (14) (15) . We included only recent antimicrobial prescriptions for bacterial infections (Group 1) to reflect current guidelines published between 2011 and 2014, as prior recommendations may have been different. These guidelines were chosen as they represent the ideal standard of care in Manitoba, Canada. When there was not uniform consensus between various North American guidelines, we considered a range of acceptable number of days as 'appropriate'. A complete list of the Group 1 prescriptions was evaluated; what was considered 'appropriate' antimicrobial prescriptions and the range of acceptable duration can be found in Supplementary Table S1 .
'Group 2' consisted of encounters with a diagnosis of a viral infection (i.e. acute sinusitis, acute laryngitis and trachealis, upper respiratory tract infection, bronchitis, acute rhinitis, nasopharyngitis and influenza) that typically do not require an antimicrobial (Table 1) . Any prescription between April 1999 and January 2016, written within 7 days of a diagnosed Group 2 viral infection was considered potentially inappropriate. To account for antimicrobial treatment in response to a potentially coexisting bacterial infection, patients were excluded if they had a previous diagnosis of bronchiectasis, cystic fibrosis, chronic obstructive pulmonary disease or acute sinusitis (within 21 days prior to the encounter).
Statistical analysis
Descriptive analyses based on patient, prescriber and practice factors associated with each prescription were performed. To identify factors that were statistically significantly associated with potentially inappropriate antimicrobial prescribing, a multilevel regression model was used. The unit of measure was the patient, with patient (i.e. comorbidity, age, gender, number of primary care office visits per year and socio-economic status), provider (i.e. country of graduation and age) and practice (i.e. size and location) covariates used to identify factors associated with an increased risk of potentially inappropriate prescriptions. Multivariable generalized linear mixed models were used to allow for correlation between patients within the same health care provider. Odds ratios and their confidence intervals are reported. SAS version 9.3 (SAS Institute, Cary, NC) was used for analyses.
Results
Between April 1999 and January 2016, the MaPCReN repository contained 192,601 primary care appointments for infections; 18.5% (n = 35 574) had an associated prescription for an antimicrobial. Of the antimicrobial prescriptions, 16.1% (n = 5741) were associated with a bacterial infection (Group 1) and 83.9% (n = 29 833) antimicrobial prescriptions were associated with a viral infection (Group 2). Female patients were more likely to have an appointment for an infection than male patients (62.0% versus 37.9%, respectively). Primary care appointments for an infection were for patients aged 1 to >89, with 48% (n = 89 871) of the appointments for adult patients aged 31-69. Patients younger than 20 years represented 13.9% (n = 25 903) of the primary care appointments. Young adults (aged 20-30) and seniors (70 or older) represented 13.2% and 24.8% of the primary care appointments for an infection, respectively.
Group 1: Bacterial infections
The MaPCReN repository provided a sample of 5741 antimicrobial prescriptions for Group 1. Within the Group 1 prescriptions, 37.8% (n = 2168) were potentially prescribed inappropriately and 19.6% (n = 1126) were prescribed for a duration outside of guideline-based ranges. Potentially inappropriate antimicrobial use was most frequent with macrolides and beta-lactams (Table 1) . Macrolides made up the largest group of potentially inappropriately prescribed antimicrobials (50.4%, n = 1662). UTIs were the most frequently diagnosed condition to contain a potentially inappropriately prescribed macrolide (75.4%, n = 1367). Nitrofuran/imidazole derivatives (11.1%, n = 366) and fluoroquinolones (9.1%, n = 301) were the most likely antimicrobials to be prescribed for durations outside of guideline-based ranges (5) (6) (7) (8) (9) (10) (11) .
The majority of prescriptions in Group 1 were associated with a diagnosis of UTI (75.1%); of these 59.7% were potentially inappropriate ( Table 2 ). An antimicrobial prescription for a UTI was more likely among female patients (92.7%, n = 3998) than male patients (7.4%, n = 317). A majority of these prescriptions were potentially inappropriate (59.7%, n = 2576). Forty percent (n = 1730) of antimicrobial prescriptions for UTI were written for an antimicrobial not considered a first-line treatment (Table 3) . While the greatest number of antimicrobial prescriptions were for UTIs, the highest rate of potentially inappropriate antimicrobial prescribing in Group 1 was for pneumonia. When an incorrect duration was prescribed for pneumonia (n = 191), it was significantly more likely to have been prescribed for a shorter duration than guideline-based ranges. There were 102 one-day prescriptions (60.7%) compared to 8 (0.0004%) one-day prescriptions for UTI. The default prescription length in the EMRs used by providers in this study is 1 day. When 1-day prescriptions were removed, 20.9% (n = 66) of potentially inappropriate pneumonia prescriptions appeared to be too short. Macrolide prescriptions for pneumonia were frequently prescribed a shorter duration than guideline ranges (66.5%, n = 153).
The majority (85.0%, n = 4880) of Group 1 antimicrobial prescriptions were written for female patients, younger patients and patients who visited the office less frequently (Table 3 ). Antimicrobial prescriptions for female patients were less likely to adhere to referenced guidelines compared to prescriptions for male patients (70.5% versus 77.1%, respectively). Female patients had a 1.17 times higher odds of receiving a potentially inappropriate antimicrobial prescription compared to male patients. An antimicrobial prescription for Group 1 was more likely among patients aged 51-69, than other age groups. However, there was a 7% decrease in the odds of potentially inappropriate prescribing for every 5 years of increase in patient age. Potentially inappropriate prescriptions were more likely among patients aged 16-30 (60%) and 31-50 (55%), versus patients aged 70 and older (33%). This represents a 27% absolute reduction in the risk of potentially inappropriate antimicrobial prescribing between patients aged 16-30 and those aged 70 and older. Additionally, for every increase in 5 office visits per patient, there was a 4% decrease in the odds of obtaining a potentially inappropriate antimicrobial prescription. Those who had less than 5 office visits per year were at an increased risk of potentially inappropriate antimicrobial prescribing compared to those who had greater than 10 office visits. Prescriber and practice factors were not associated with Group 1 potentially inappropriate antimicrobial prescribing (Table 3) .
Group 2: Viral infections
There were 186 860 primary care visits for Group 2 in the study cohort. Of these, 29 833 had an associated prescription, suggesting 15.9% of patients received a potentially inappropriate prescription. Antimicrobial treatment for viral infections represented approximately 156 700 days of potentially unnecessary antimicrobial use. Antimicrobial prescriptions were largely prescribed for acute mild-tomoderate sinusitis (37.0%), bronchitis (30.4%) and upper respiratory tract infection (28.6%) ( Table 4) . Beta-lactams (44.9%) and macrolides (38.5%) were the leading antimicrobials prescribed for Group 2.
In this group, the odds of receiving an antimicrobial prescription was greater among older patients, patients with more comorbidities, patients with more frequent office visits, patients in larger practices and patients in rural practices ( Table 5 ). The odds of receiving an antimicrobial for an infection were 1.13 times higher for every 10 years increase in patient age. Patients aged 51-70 had the highest 
Discussion
This study establishes a baseline for quality improvement initiatives and is foundational to developing evidence-informed AS in primary care. Based on reviewed guidelines, 58% of identified Group 1 antimicrobial prescriptions were potentially inappropriate. In almost half of these an incorrect antimicrobial was prescribed. The highest rate of potentially inappropriate prescribing was among prescriptions written for adult pneumonia (64.7%). Although this study considered fluoroquinolones an appropriate treatment of pneumonia, further investigation may be warranted. Fifty-five percent of the pneumonia prescriptions in this study were written for a fluoroquinolone, which referenced guidelines consider second-line treatment. The use of fluoroquinolones should be monitored and increases in prescribing rates explored as their use is associated with antibacterial resistance (16) . UTIs were potentially inappropriately treated in 60% of observed cases. Macrolides seemed to be frequently prescribed for UTI, a target area for AS programs since macrolides are typically not effective for the treatment of uropathogens. Of note, pelvic chlamydial infections may co-occur or be miscoded as an UTI. One-day macrolide prescriptions may be appropriately prescribed for the treatment of chlamydia. Only a small number of the macrolide prescriptions for UTIs (0.004%, n = 8) were for 1 day suggesting a small proportion of UTI diagnoses may have been correctly treating chlamydia. Inappropriate use of macrolides can produce resistance in respiratory tract flora within 4 days and persist for 6 months (9) (10) (11) (12) (13) (14) (15) 17) . Macrolide resistance in Canada is an increasing concern. A sample of Group A streptococcal isolates from throat swabs showed the macrolide resistance had increased from 2.1% to 14.4% in a 4-year period (18) . A modest reduction in the amount of unnecessary macrolide use could potentially result in a significant reduction in the amount of resistance. A countrywide program in Finland reduced the use of erythromycin by 50%, which in turn reduced the resistance of group A streptococcal isolates from 17% to 9% (14) .
While evidence is limited, there are some studies demonstrating that shorter courses of therapy are equivalent to longer ones (19, 20) . Among adults hospitalized with pneumonia, stopping antibiotics after 5 days of therapy was not inferior to traditional, prescriberdetermined longer courses of therapy (19) . Our study demonstrated that in 15% of prescriptions with the appropriate antimicrobial the duration of treatment was longer than some guideline-based Bold numbers are significant at a P value of 0.05. Bold numbers are significant at a P value of 0.05.
recommendations. Stewardship efforts targeting UTI and cellulitis prescriptions would be ideal targets given how common they are in primary care settings. Patient gender and age were associated with an increased rate of potentially inappropriate prescribing for Group 1 infections. Females were 1.6 times more likely to be prescribed an antimicrobial not in accordance with guidelines. Other research has reported a similar relationship. Serna et al. (21) found a 1.5 times increase in inappropriate antimicrobial prescriptions among females and younger patients (aged 15-19 years) . Within the present study, although the number of prescriptions increased with age, younger adult patients aged 16-30 were more likely to have a potentially inappropriately prescribed antimicrobial for the bacterial infection. Patients older than 69 were 27% less likely to have a potentially inappropriate prescription for a bacterial infection compared to those younger than 31. This finding suggests further study to clarify underlying factors mitigating this association.
Potentially inappropriate prescribing for viral infections was identified in 16% of the visits, representing 156 700 days of potentially unnecessary antimicrobial use. The highest rate of antimicrobial prescribing in Group 2 was for patients with acute respiratory infections. Similarly, a recent trial reported that 24.1% of adult primary care visits for an acute respiratory infection resulted in an antimicrobial prescription (22) . Modest reductions in inappropriate prescribing could impact rates of antimicrobial resistance, patient safety and cost to the patients and health system.
Within Group 2, our study found a higher rate of prescribing among older patients, those with a greater number of comorbidities and/or those who visited a primary care office more frequently. This finding is likely related to a perceived need for an antimicrobial following clinical assessment. In primary care settings, antimicrobials are often considered for clinical presentations that are viral due to concern of a secondary bacterial infection. Similarly, other studies have found that inappropriate prescribing of antimicrobials are related to comorbidity, older age and presentation in the emergency department reflecting concern for poor clinical outcomes and antimicrobial resistance (12) .
Our data suggest the need for improvement in antimicrobial prescribing, particularly in practices prescribing antimicrobials for greater than 16% of viral infection presentations. This study demonstrated that younger clinicians and those within larger rurally located practices were more likely to inappropriately prescribe an antimicrobial for a viral infection. This may reflect inexperience or time constraints for clinical assessment. There may also be hesitanecy to disappoint patients among younger providers establishing their practice. Recent studies have shown associations between physician time of day and inappropriate antimicrobial prescribing, which suggests workload and physician fatigue may account for this association (21) (22) (23) . Rural regions of Manitoba have less physicians per population than urban areas which may exacerbate the challenge of physician fatigue related to increased workload. Health system planners and stakeholders should be included in the discussion regarding health workforce concerns.
Limitations
While this study represents a comprehensive sample of primary care appointments in Manitoba within the MaPCReN database, it does not include all Manitoba primary care appointments. Guidelines from Canada and the US were used as referenced standard; based on clinical presentation of the patient antimicrobial prescribing decisions may not follow these guidelines. Physician agreement with the referenced guidelines was not assessed within this study. The study is based on EMR data capture of structured data prescription and diagnostic information that did not describe clinical presentation of the patient. Since some of the prescriptions deemed inappropriate may be appropriate after considering clinical presentation we have used the terms 'potentially inappropriate' or 'likely indicated' throughout the study. Alterations to prescriptions after printing are also not captured in our data. This may have increased the number of 'too short' prescriptions and may not reflect the final dispensed medication.
In Manitoba, EMR records contain one diagnosis code per visit to a health care provider, sent to Manitoba Health for the purposes of billing (6) . Diagnosis chosen for billing was assumed to be correct. As well, since only one code is entered per visit it is possible that some granularity in the clinical presentation is overlooked. This study captured appointments for common infections listed in Group 1 or Group 2 conditions and assumed the diagnosis entered by the provider was accurate. Some diagnoses, such as otitis media, were not included in the study due to controversy over appropriate treatment and the use of delayed prescriptions. This study assumed linkage between an antimicrobial prescription and the most recent encounter; there may have been times when this assumption was not correct. Utilizing the MaPCReN database enabled the present study to assess the reason for prescription but did not assess prescription dispensation or patient adherence. This is a retrospective cohort study using regression analysis to assess associations; causality reasoning is limited by this approach.
Conclusion
This study seeks to further our understanding of potentially inappropriate antimicrobial prescribing in Canadian primary care by providing a description of suboptimal antimicrobial prescribing for bacterial infections (i.e. inappropriate antimicrobial choice or inappropriate duration) and for viral infections. Our findings suggest optimal targets for AS interventions should be directed at antimicrobial prescribing for viral infections, especially among rural patients. We also found that management of pneumonia and UTIs offer reasonable targets for improvement. Collaboration with primary care stakeholders is vital for promoting practice change and establishing dedicated stewardship resources for optimal antimicrobial use. This research helps us to define a baseline rate of potentially inappropriate prescribing; an important preliminary step to designing AS community interventions.
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